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A rhodopsin P347L transgenic (Tg) rabbit, a model of retinitis pigmentosa, has been generated in our
laboratory. The purpose of this study was to determine the properties of focal areas of the retina in this
rabbit model during the course of retinal degeneration. To accomplish this, we recorded focal ERGs from
wild-type (WT) and Tg rabbits at ages 3, 6, and 12 months. A 15 stimulus spot was used to elicit the focal
ERGs from the center of the visual streak and from four surrounding areas. We found that the amplitudes
of the focal cone ERG b-waves and oscillatory potentials (OPs) of the Tg rabbits in the ﬁve areas decreased
progressively with increasing age and became almost non-recordable at 12 months. There were no sig-
niﬁcant regional differences in the b-waves of Tg rabbits recorded from the 5 areas. The amplitudes of
the OPs were better preserved than the b-waves and the OPs/b-wave ratio was higher than that in WT
rabbits at every recording area. The summed OPs amplitudes, which most likely originate from the ama-
crine and/or ganglion cells, recorded from the area superior to the optic disc was signiﬁcantly larger than
that from other areas at 3- and 6-months-old. This indicated that the inner retinal neurons were not
altered equally after photoreceptor degeneration in this rabbit model.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Retinitis pigmentosa (RP) is a group of inherited retinal diseases
caused by mutations of genes related to the retina. These muta-
tions result in degeneration of the rod photoreceptors followed
by a gradual loss of cones. Photoreceptor degeneration is followed
by the death of the inner retinal cells (Heckenlively, 1988; Wele-
ber, Gregory-Evance, et al., 2006). The retinal degeneration usually
begins in the periphery, and the function and morphology of cone-
rich central area are relatively well preserved until the late stages
of the disease process.
Different subjective and objective examinations have been used
to assess the macular function in patients with RP. Among the
objective methods, focal ERGs (Ikenoya et al., 2007; Sugita et al.,
2008) and multifocal ERGs (Chan & Brown, 1998; Hood et al.,
1998; Seeliger et al., 1998; Vajaranant et al., 2002) have been used.
Our laboratory has developed a technique for recording focal cone
ERGs while monitoring the location of the stimulus on the fundus
with an infrared camera during the recordings (Kondo et al., 2008;
Miyake, 1990; Miyake et al., 1989; Shiroyama & Miyake, 1990). In
our system, focal ERGs can be recorded even in patients withoutgood ﬁxation, and the a- and b-waves and oscillatory potentials
(OPs) elicited by focal stimuli resemble full-ﬁeld cone ERGs.
To study the pathophysiology of RP, we have generated a rho-
dopsin P347L transgenic (Tg) rabbit using bacterial transgenes
(Kondo et al., 2009). We found that the rod function of Tg rabbits
was reduced at an early age whereas the cone function was rela-
tively well preserved. We also noted that the oscillatory potentials
(OPs), which are believed to originate mainly from amacrine and
ganglion cells (Dong, Agey, & Hare, 2004; Wachtmeister, 1998),
were larger than those of wild type rabbits (Sakai et al., 2009).
Although the exact mechanism(s) underlying these secondary
changes in the postreceptoral neurons has not been fully deter-
mined, our results indicated that the activities of the inner retinal
neurons were altered in Tg rabbits (Marc et al., 2007).
The visual streak of the rabbit retina is a horizontal band lying
inferior to the optic nerve head where the densities of rods and
cones are higher than elsewhere in the retina (Famiglietti & Sharpe,
1995; Juliusson et al., 1994) Our histopathological study of Tg rab-
bits showed that the retinal degeneration developed earlier in the
visual streak than in other areas (Kondo et al., 2009).
The conclusions made from these earlier ERG studies were
mainly based on the results obtained from full-ﬁeld ERGs, and
we do not know whether there are local functional changes in
the retina in this rabbit model. Thus, the purpose of this study
was to determine the characteristics of local areas of the retina
of Tg rabbits by recording focal ERGs. To accomplish this, we
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from 5 regions of the retina of Tg rabbits at 3, 6, and 12 months.Fig. 1. Experiments to determine whether the focal ERGs arise from only the
stimulated area. (A) Fundus photograph showing laser scar in the visual streak of a
wild rabbit. Dotted circular indicates the area of stimulation to elicit focal ERGs. (B)
Focal cone ERGs from normal retina (visual streak) and laser scar ERGs were
recorded with a 3 cd/m2 steady background. The luminance of the stimulus spot
was 30 phot cd/m2, and the stimulus duration was 100 ms. The focal ERGs were
almost non-recordable from the area photocoagulated. (C) Focal rod ERGs from
normal retina (visual streak) and laser scar. ERGs were recorded without
background light. The ERGs recorded with stimulus intensity of 30 cd/m2 with
10 ms duration are shown in the upper row. ERGs were recorded even from the area
photocoagulated due to stray light. The ERGs recorded with stimulus intensity of
3 cd/m2 with 10 ms duration are shown in the lower row. The focal ERGs were
almost non-recordable from the area photocoagulated.2. Materials and methods
2.1. Animals
The experiments were performed on 8 Tg and 9 wild type (WT)
pigmented rabbits whose ages ranged from 3 to 12 months. After
recording the ERGs, 1 Tg rabbit was euthanized at 3 months, and
3 WT and 3 Tg rabbits were euthanized at 6 months. All protocols
were approved by the Institutional Review Board of Nagoya
University Graduate School of Medicine and adhered to the EU
Directive 2010/63/EU for animal experiments.
The techniques used for generating the Tg rabbits has been de-
scribed in detail (Kondo et al., 2009). We used pigmented rabbits, a
cross of Dutch pigmented rabbits and New Zealand albino rabbits
because the stray light effects are lower in pigmented eyes. The
animals were anesthetized with an intramuscular injection of
25 mg/kg ketamine and 2 mg/kg xylazine to record the ERGs.
2.2. Stimuli for focal ERGs
The system for recording focal ERGs consisted of a modiﬁed
infrared fundus camera and an electronic pulse generator that con-
trolled the light-emitting diodes (LEDs) used for the stimulus and
background illumination (Kowa, Nagoya, Japan). An infrared televi-
sion fundus camera was modiﬁed so that the stimuli were pre-
sented in Maxwellian view. The images from this fundus camera
were fed to a television monitor with a 45 view of the posterior
pole of the eye. The position of the stimulus spot on the fundus
was monitored on the television screen and could be moved by
the examiner with a joystick. A white LED was used for the stimu-
lus and background illumination that covered a retinal area of 45.
The size of the stimulus spot was 15, and the luminance of the
background was ﬁxed at 3 phot cd/m2 for photopic conditions.
The luminance of the stimulus spot was 30 phot cd/m2, and the
stimulus duration was 100 ms for photopic conditions. The lumi-
nance of the stimulus spot was 3 phot cd/m2 and the stimulus
duration was 10 ms for scotopic conditions. The stimulus repeti-
tion rate was ﬁxed at 2 Hz. The luminance of the stimulus and
background illumination was measured at the corneal surface
and then converted to the value at the retinal surface. These
luminances were measured with a photometer (Model IL 1700;
International Light, Newburyport, MA).
2.3. Focal ERG recordings
The cornea was anesthetized with topical 1% tetracaine, and the
pupils were dilated with topical 0.5% tropicamide and 0.5% phenyl-
ephrine HCl. The ERGs were recorded with a Burian-Allen bipolar
contact lens electrode (Hansen Ophthalmic Development Labora-
tories, Iowa City, IA), and the ground electrode was attached to
the ipsilateral ear. The responses were ampliﬁed, and the band
pass ﬁlters were set at 0.5 to 1000 Hz. The ERGs were digitized
at 5 kHz, and 500 responses were averaged (MEB-9100 Neuropack;
Nihon Kohden, Tokyo, Japan).
To conﬁrm that the stimulus and recording conditions elicited
focal ERGs, we investigated the effect of stray light on the re-
sponses. We made an approximately 15 laser scar on the visual
streak to two other WT pigmented rabbits (Fig. 1A), and we re-
corded the focal ERGs elicited by stimulating the visual streak
and the photocoagulated area.
A fundus photograph of a 3-months-old WT rabbit is shown in
Fig. 2, and the gray ellipse shown below the optic disc outlines thevisual streak (Famiglietti & Sharpe, 1995; Juliusson et al., 1994). To
compare the local retinal function of Tg and WT rabbits, we
recorded ERGs from 5 areas of the retina as shown in Fig. 2. The
ERGs were elicited by a 15 stimulus spot placed superior to the
disc (A), nasal to the visual streak (B), center of the visual streak
(C), temporal to the visual streak (D), and inferior to the visual
streak (E).
2.4. Measurement of b-wave and OPs
The amplitudes of the b-waves and OPs were measured by a
masked researcher. The amplitude of the b-wave was measured
from the bottom of the negative a-wave to the top of the positive
wave (Fig. 2, lower). To determine the appropriate band pass ﬁlters
for isolating the OPs of WT and Tg rabbits, we ﬁrst analyzed the
ERGs by Fast Fourier Transform (FFT) as reported (Sakai et al.,
2009). Based on the results, we chose band pass settings of
50–300 Hz for isolating the focal OPs (Fig. 2, lower). We measured
the amplitude of each OP wavelet from the trough to the peak of
the ﬁltered waveforms, and one masked researcher checked the
original waveform and decided on the position of the trough and
peak of each OP. When a clear oscillation could not be found, we
Fig. 3. Representative focal cone ERGs recorded from the 5 areas designated in
Fig. 2. For ERGs of a WT rabbit at 3 months and of Tg rabbits at 3, 6, and 12 months
are shown. The focal cone ERGs of the Tg rabbits decreases with increasing age. The
OPs from area A is larger than those from other areas in the 3-months-old Tg rabbit.
Fig. 2. Fundus panorama of left eye of a 3-months-old WT rabbit (upper). White
ellipse inferior to the optic disc indicates the location of the visual streak. We
recorded focal ERGs using a 15 stimulus spots from the 5 areas. (A) Superior to the
optic disc. (B) Nasal on the visual streak. (C) Center of visual streak. (D) Temporal on
the visual streak. (E) Ventral of the visual streak. Representative focal ERGs of WT
rabbit (lower). Upper trace is the original waveform and the extracted OPs are in the
middle. Stimulus markers are at the bottom. Arrow in the original wave shows the
amplitude of the b-wave. The OPs consists of several wavelets; 1 is the largest OP, 2
is the second largest, and 3 is the third largest. We analyzed the sum of the
amplitudes of 1, 2, and 3.
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wavelets (1, 2, and 3) because each OP was too small to analyze
separately.
2.5. Retinal histology
To examine the histological changes of the retina, 3 eyes of 6-
months-old Tg and WT rabbits were evaluated. The rabbit eyes
were ﬁxed overnight in a mixture of 10% neutral buffered formalin
and 2.5% glutaraldehyde then transferred to 10% neutral buffered
formalin. The tissues were trimmed, embedded in parafﬁn, sec-
tioned vertically through the optic nerve (superior-inferior), and
stained with hematoxylin and eosin. Retinal sites 4 mm superior
to the optic disc, 2 mm and 6 mm inferior to the optic disc were
evaluated. These sites were presumed to be the center of the focal
ERG stimulus at the superior, center, and inferior to the optic disc
(Fig. 2 upper). The thickness of the inner retina from the inner lim-
iting membrane to the outer plexiform layer, and the outer nuclear
layer (ONL) was measured.
2.6. Statistical analyses
The data were analyzed with the SPSS computer software. The
amplitude of the b-wave and sum OPs were compared with t-tests
or multiple comparisons. A difference was considered statistically
signiﬁcant when P < 0.05.
3. Results
3.1. Assessing recording conditions
To conﬁrm that our focal ERGs were responses only from the
stimulated site of the retina and not from other sites stimulatedby stray light, we made an approximately 15 laser scar on the
visual streak of two WT rabbits (Fig. 1A). We then recorded focal
ERGs from the normal visual streak and from the area of the laser
photocoagulation with a 15 spot under both photopic and scoto-
pic conditions. We determined the appropriate stimulus conditions
for recording focal ERG for WT rabbits initially. For the photopic
condition, we used a stimulus with a luminance of 30 cd/m2 with
100 ms duration presented on a 3 cd/m2 steady background. We
found that the focal ERGs from laser scar were below the noise
level of the recordings (Fig. 1B) and concluded this stimulus setting
was appropriate for recording focal cone ERGs. Next we deter-
mined the conditions for recording focal rod ERGs. We found that
stimuli of 30 cd/m2 with 10 ms duration imaged on the laser scar
elicited ERGs after 15 min dark-adaptation. We assumed that
the responses originated from stray light (Fig. 1C), and we reduced
the stimulus intensity and found that stimulus intensity of 3 cd/m2
and 10 ms duration did not elicit a response when it was imaged
on the laser scar. We then used these stimulus parameters to study
the focal rod ERGs (Fig. 1C).3.2. Focal cone ERGs from wild type (WT) rabbits
Focal cone ERGs were recorded from the 5 retinal areas of 6 WT
rabbits at 3 and 6 months. Representative focal cone ERGs elicited
from areas A to E of a 3-months-oldWT rabbit are shown in the left
row of Fig. 3. The isolated OPs are shown below each of the ERGs.
The focal cone ERGs from each site were similar in shape and
consisted of a small negative a-wave followed by a large positive
b-wave with the OPs superimposed on the b-wave. The mean ±
SEM amplitudes of the b-waves of the focal ERGs at 3 and 6 months
are plotted on the left side of Fig. 4 (black bars). At 3 months, the
b-wave of area C was signiﬁcantly larger than that of areas A and
E (C = 3.1 ± 1.0 lV; A = 2.3 ± 1.2 lV; E = 2.3 ± 1.0 lV; P < 0.05;
paired t-tests). The means ± SEM amplitudes of the sum of the
OPs at 3 and 6 months WT rabbits (n = 6 each) are plotted on the
right side of Fig. 4. The amplitudes of the OPs varied considerably
among the rabbits, and the differences in the amplitudes among
the 5 areas (minimum = 0.7 ± 0.1 lV at B; maximum = 1.1 ± 0.2 lV
at A at 3 months; multiple comparisons) were not signiﬁcant. We
also compared the focal cone ERGs of 3- and 6-months-old WT
rabbits. The amplitudes of the b-waves from each area of
6-months-old WT rabbit was slightly smaller than that of
3–months-old rabbits, but the differences between the amplitudes
at the two ages in each area were not signiﬁcant (paired t-tests).
Fig. 4. Amplitudes of b-wave and OPs from 5 areas of WT and Tg rabbits (mean + SEM). Amplitudes of focal ERG b-wave at 3-months-old are shown in the upper left, and the
sum of focal ERG OPs at 3-months-old are shown in the upper right. Amplitudes of the focal ERG b-waves at 6-months-old are shown in the lower left, and the amplitudes of
sum of focal ERG OPs at 6-months-old are shown in the lower right. The amplitude of OPs in area A was signiﬁcantly larger than that in other areas in Tg rabbit (*P < 0.05).
Fig. 5. Representative focal rod ERGs recorded from the 5 areas designated in Fig. 2.
ERGs of a WT and a Tg rabbit at 3 months are shown. The focal rod ERGs of the Tg
rabbit were non-recordable at 3 months.
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Focal cone ERGs were recorded from 7 Tg rabbits at 3 months, 6
Tg rabbit at 6 months and 3 Tg rabbits at 12 months. Representa-
tive ERGs of one Tg rabbit recorded at 3, 6, and 12 months are
shown in Fig. 3. The amplitudes of the ERGs progressively
decreased with increasing age and were almost non-recordable
at 12 months. The OPs from the superior area (A) were distinguish-
able at 3 months. The amplitudes of b-waves in the Tg rabbits were
signiﬁcantly smaller than that of WT rabbits at each recording area
(Fig. 4 left, gray bars). The means ± SEMs of the amplitude of the
b-waves at 6 months were signiﬁcantly reduced in area A
(0.7 ± 0.2 lV), area B (0.6 ± 0.1 lV), area C (0.6 ± 0.1 lV), area D
(0.6 ± 0.1 lV), and area E (0.6 ± 0.2 lV) than that at 3 months
(A = 1.2 ± 0.1 lV; B = 1.2 ± 0.2 lV; C = 1.0 ± 0.1 lV;
D = 1.0 ± 0.1 lV; E = 1. 0 ± 0.2 lV; P < 0.05, t-tests for all areas).
However, the differences in the amplitudes of the b-waves in the
5 areas were not signiﬁcant at 3 and 6 months.
At 3 months, the amplitudes of the OPs were better preserved
than the b-waves, and the OPs/b-wave ratio was higher than that
in WT rabbits at every recording area. The sum of the OPs at area
A (1.2 ± 0.1 lV) was best preserved, and the sum was signiﬁcantly
larger than that of other areas (B = 0.5 ± 0.2 lV; C = 0.5 ± 0.2 lV;
D = 0.4 ± 0.1 lV; E = 0.5 ± 0.2 lV; P < 0.05, multiple analyses;
Fig. 4). At 6 months, the OPs became undetectable in most of the
Tg rabbits at areas B, C, and D. However at area A, the OPs were still
prominent, and the amplitude was signiﬁcantly larger than that at
the other recording areas (0.8 ± 0.2 lV; P < 0.05, multiple analysis).
At 12 months, the focal cone ERGs of the 3 Tg rabbits became
almost non-recordable at all sites.
3.4. Focal rod ERGs of WT and Tg rabbits
Focal rod ERGs were recorded from the 5 retinal areas of 2 Tg
and 2 WT rabbits at 3 months. Representative ERGs from a Tg
and a WT rabbit are shown in Fig. 5. The focal rod ERGs from each
site were similar in shape which had small positive b-wave but no
a-wave and OPs. The amplitudes of b-wave of WT rabbit were
approximately 1.2 lV at all 5 areas. On the other hand, the focal
rod ERGs of Tg rabbit were non-recordable even at 3 months.3.5. Retinal histology
The retinal sections of the area of superior to disc (A), center of
the visual streak (C), ventral of visual streak (E) of a WT rabbit and
a Tg rabbit at 6 months are shown in the upper half of Fig. 6. It is
known that in normal rabbits, the density of rods and cones is
highest at the visual streak. Consistent with previous reports
(Famiglietti & Sharpe, 1995), the thickness of the ONL in WT
rabbits was maximum at the visual streak (Fig. 6 lower right).
There were regional differences in the degree of photoreceptor loss
in the Tg rabbits (Kondo et al., 2009). Only a single row of nuclei
remained in the ONL at the center of the visual streak (C) and
the thickness of the ONL at the visual streak was reduced relatively
more than the two other locations (Fig. 6 lower right). In contrast,
the thickness of the inner retina was well preserved at 6 months.
The thickness of inner retina was almost same as that of control.
From retinal histology of hematoxylin and eosin stained retinas,
it was difﬁcult to detect any inner retinal change which could have
caused the abnormal OPs responses dorsal to the disc (A).
Fig. 6. Retinal histology of Tg rabbits. Vertical retinal sections from 4 mm superior to the optic nerve head (A), 2 mm (C) and 6 mm (E) inferior to the optic nerve head of
6-months-old WT and Tg rabbits are shown in the upper half. White two way arrows in the micrograph indicate thickness of inner retina and outer nuclear layer (ONL)
respectively. Thickness of the inner retina and ONL along the vertical meridian measured at 3 retinal locations are shown in the lower. Mean ± SD of 3 WT and 3 Tg rabbits are
plotted.
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We recorded focal ERGs from 5 retinal areas of Tg rabbits during
the course of retinal degeneration. Our previous study indicated
the Tg rabbits had a progressive dysfunction of the rods (Kondo
et al., 2009). Because focal ERGs recorded under scotopic condi-
tions are non-recordable at 3 months, we were not able to evaluate
local rod function in Tg rabbit. The amplitudes of the focal cone
ERG b-waves became progressively smaller with increasing age
in all regions, and there were no differences in the amplitudes from
the 5 areas. On the other hand, the amplitudes of the summed OPs
had regional variations with that of the superior retina (area A) sig-
niﬁcantly larger than that from other areas at both 3 and 6 months.4.1. Focal ERGs from WT rabbits
The characteristics of the multifocal ERGs (mfERGs) of normal
rabbits or Tg rabbits have been determined (Horiguchi et al.,
1998; Wallenten, Andreasson, & Ghosh, 2008; Yokoyama et al.,
2010). However to the best of our knowledge, this is the ﬁrst report
of focal ERGs recorded from Tg rabbits. The waveforms of mfERGs
are derived from mathematical modeling of the potential changes
of the retinal neurons (Sutter & Tran, 1992), while the waveforms
of focal ERGs are the potential changes of the retinal neurons. Our
laboratory has studied focal ERGs of humans and monkeys using
this technique for more than twenty years (Miyake, 1990; Miyake
et al., 1989; Shiroyama & Miyake, 1990). Monitoring the fundus
during the recording was essential because the animals cannot ﬁx-
ate a target, and thus we believe that our system is a more appro-
priate method of recording ERGs from localized areas than mfERGs.
The focal cone ERGs of rabbits at light on consisted of a- and
b-waves with OPs as in primates (Kondo et al., 2008; Miyake et al.,
1989). When the light is turned off, a d-wave appeared in the
primate ERGs but was barely detected in rabbits. The amplitude of
the focal cone ERGs from the fovea in human is about 5 lV, whilethat from the visual streak of rabbits was about 3 lV. This lower
amplitude may be because the cone density is higher in humans.
Comparing theﬁve retinal areas, the b-wave amplitudes from the vi-
sual streak (B–D) was larger than that of two other areas (A and E).
These results are comparable to histological data that show that
the cone density is highest in the visual streak (Famiglietti & Sharpe,
1995; Juliusson et al., 1994). For the focal rod ERGsofWT rabbits, the
waveforms and amplitudes were not different among the different
retinal areas. In addition, the waveforms were similar to those of
the full-ﬁeld rod responses elicited with weak stimuli under dark-
adapted conditions (Marmor et al., 2009). These results indicate that
the rod function is not signiﬁcantly different in the regions tested.
4.2. Focal ERGs from Tg rabbits
We followed the changes in the amplitudes of the focal cone
ERGs during the course of retinal degeneration in Tg rabbit. Earlier
studies reported that reductions in the mfERG amplitudes of mice,
cats, pigs, and rabbits with genetically-induced retinal degenera-
tion (Ng et al., 2008; Seeliger & Narfstrom, 2000; Seeliger et al.,
2003; Yokoyama et al., 2010). However, the OPs of the mfERGs
could not be analyzed. Because the OPs originate mainly from
the inner retina, it is reasonable to analyze the OPs to determine
whether functional changes of the inner retinal neurons are pres-
ent in Tg rabbits.
Earlier, we reported that the thickness of the outer nuclear layer
in the visual streak of albino Tg rabbits was one-half of that of WT
at 3 months and one-third of that of WT rabbits at 6 months
(Kondo et al., 2009). These results are comparable with our focal
cone ERG results; the amplitude of the b-waves of the focal cone
ERGs was one-third of WT rabbit at 3 months, one-fourth of that
at 6 months, and non-recordable at 12 months. We also reported
that the loss of photoreceptors in the visual streak was more severe
than that at 6 mm superior to the optic nerve head (ONH) and
8 mm inferior to the ONH. However, we did not ﬁnd distinct regio-
nal differences in the amplitudes of the b-waves of the focal cone
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and the signal-to-noise ratio was too large to detect the differ-
ences. Our focal cone ERGs might be less sensitive in detecting re-
gional differences than histopathological analyses.
We have reported the change of the full-ﬁeld cone ERGs in Tg
rabbit in earlier studies (Hirota et al., 2012; Kondo et al., 2008;
Sakai et al., 2009). However, the focal ERGs results contradict our
earlier ﬁndings that there was no signiﬁcant difference in the
amplitude of the full-ﬁeld cone b-wave Vmax between Tg and Wt
rabbits even at 12 months (see Fig. 3 and Table 1 in Sakai et al.,
2009). We also reported that the half-saturation coefﬁcient (K)
was already reduced signiﬁcantly at 3 months (Sakai et al., 2009).
These ﬁndings suggest that dimmer ﬂashes can detect the differ-
ences between Tg and WT rabbits more easily. In addition, slight
degeneration of the photoreceptors would not affect coneERG
b-wave amplitudes elicited by high intensity stimuli because the
b-wave amplitudes are at the saturated level. Our focal cone ERGs
were recorded with relatively dim stimulus (30 cd/m2) to avoid
stray light effects and our system seemed to be more suitable for
detecting functional loss due to photoreceptor degeneration.
An interestingﬁnding in this studywas that the amplitudesof the
OPswere better preserved than the b-waves and theOPs/b-wave ra-
tio was greater than that in WT rabbits at every recording area at
3 months. In addition, the sum of the OPs at area A was best pre-
served, and the sumwas signiﬁcantly larger than that of other areas.
We have reported that the OPs of the full-ﬁeld cone ERGs of 3-
month-old Tg rabbit were 1.7 times larger than that of WT rabbits
(Sakai et al., 2009). We suggest that secondary functional changes
in the inner retinal neurons, retinal ganglion cells, and/or amacrine
cells, caused thisphenomenonbecause theseOPswereTTXsensitive
(Sakai et al., 2009). Although the amplitudes of the OPs were not
supernormal even at area A, our results suggest there are regional
differences in secondary functional alterations in the inner retinal
neurons after photoreceptor death. When we compared the histol-
ogy of the dorsal, visual streak, and ventral retina from 6-months-
old rabbit in hematoxylin and eosin stained sections, we were not
able to ﬁnd differences in the thickness of the inner retina. A previ-
ousOCT study showed that the inner nuclear layer (INL) thickness in
RP rabbits did not differ from that of WT rabbits (Muraoka et al.,
2012). To explore the mechanisms of large OPs at ventral site, we
will need to evaluate the regional differences of the inner retinal his-
topathology more precisely in the future.
We reported that the OPs of the focal macular ERGs of RP pa-
tients were better preserved than the a- and b-waves (Ikenoya
et al., 2007). These data raise the possibility that similar secondary
functional changes can occur in some RP patients.
Finally, we believe that this Tg rabbit will serve as a useful mid-
sized animal model with which to develop treatments including
cell transplantation (MacLaren et al., 2006) and retinal prosthesis
(Nishida et al., 2010; Weiland, Liu, & Humayun, 2005).
Acknowledgments
We thank Prof. Duco I. Hamasaki for editing the manuscript.
Grant Support: 20592075 (M.K.) and 25462709 (S.U.) from the
Ministry of Education, Science, Sports and Culture, Japan.
References
Chan, H. L., & Brown, B. (1998). Investigation of retinitis pigmentosa using the
multifocal electroretinogram. Ophthalmic and Physiological Optics, 18(4),
335–350.
Dong, C. J., Agey, P., & Hare, W. A. (2004). Origins of the electroretinogram
oscillatory potentials in the rabbit retina. Visual Neuroscience, 21(4), 533–543.
Famiglietti, E. V., & Sharpe, S. J. (1995). Regional topography of rod and
immunocytochemically characterized ‘‘blue’’ and ‘‘green’’ cone photoreceptors
in rabbit retina. Visual Neuroscience, 12(6), 1151–1175.
Heckenlively, J. R. (1988). Retinitis pigmentosa. JB Lippincott, Philadelphia (pp. 221–
252).Hirota, R., Kondo, M., Ueno, S., Sakai, T., Koyasu, T., & Terasaki, H. (2012).
Photoreceptor and post-photoreceptoral contributions to photopic ERG
a-wave in rhodopsin P347L transgenic rabbits. Investigative Ophthalmol and
Visual Science, 53(3), 1467–1472.
Hood, D. C., Holopigian, K., Greenstein, V., Seiple, W., Li, J., Sutter, E. E., et al. (1998).
Assessment of local retinal function in patients with retinitis pigmentosa using
the multi-focal ERG technique. Vision Research, 38(1), 163–179.
Horiguchi, M., Suzuki, S., Kondo, M., Tanikawa, A., & Miyake, Y. (1998). Effect of
glutamate analogues and inhibitory neurotransmitters on the
electroretinograms elicited by random sequence stimuli in rabbits.
Investigative Ophthalmology & Visual Science, 39(11), 2171–2176.
Ikenoya, K., Kondo, M., Piao, C. H., Kachi, S., Miyake, Y., & Terasaki, H. (2007).
Preservation of macular oscillatory potentials in eyes of patients with retinitis
pigmentosa and normal visual acuity. Investigative Ophthalmology & Visual
Science, 48(7), 3312–3317.
Juliusson, B., Bergstrom, A., Rohlich, P., Ehinger, B., van Veen, T., & Szel, A. (1994).
Complementary cone ﬁelds of the rabbit retina. Investigative Ophthalmology &
Visual Science, 35(3), 811–818.
Kondo, M., Sakai, T., Komeima, K., Kurimoto, Y., Ueno, S., Nishizawa, Y., et al. (2009).
Generation of a transgenic rabbit model of retinal degeneration. Investigative
Ophthalmology & Visual Science, 50(3), 1371–1377.
Kondo, M., Ueno, S., Piao, C. H., Miyake, Y., & Terasaki, H. (2008). Comparison of focal
macular cone ERGs in complete-type congenital stationary night blindness and
APB-treated monkeys. Vision Research, 48(2), 273–280.
MacLaren, R. E., Pearson, R. A., MacNeil, A., Douglas, R. H., Salt, T. E., Akimoto, M.,
et al. (2006). Retinal repair by transplantation of photoreceptor precursors.
Nature, 444(7116), 203–207.
Marc, R. E., Jones, B. W., Anderson, J. R., Kinard, K., Marshak, D. W., Wilson, J. H., et al.
(2007). Neural reprogramming in retinal degeneration. Investigative
Ophthalmology & Visual Science, 48(7), 3364–3371.
Marmor, M. F., Fulton, A. B., Holder, G. E., Miyake, Y., Brigell, M., & Bach, M. (2009).
ISCEV Standard for full-ﬁeld clinical electroretinography (2008 update).
Documenta Ophthalmologica, 118(1), 69–77.
Miyake, Y. (1990). Macular oscillatory potentials in humans. Macular OPs.
Documenta Ophthalmologica, 75(2), 111–124.
Miyake, Y., Shiroyama, N., Horiguchi, M., & Ota, I. (1989). Asymmetry of focal ERG in
human macular region. Investigative Ophthalmology & Visual Science, 30(8),
1743–1749.
Muraoka, Y., Ikeda, H. O., Nakano, N., Hangai, M., Toda, Y., Okamoto-Furuta, K., et al.
(2012). Real-time imaging of rabbit retina with retinal degeneration by using
spectral-domain optical coherence tomography. PLoS One, 7(4), e36135.
Ng, Y. F., Chan, H. H., Chu, P. H., To, C. H., Gilger, B. C., Petters, R. M., et al. (2008).
Multifocal electroretinogram in rhodopsin P347L transgenic pigs. Investigative
Ophthalmology & Visual Science, 49(5), 2208–2215.
Nishida, K., Kamei, M., Kondo, M., Sakaguchi, H., Suzuki, M., Fujikado, T., et al.
(2010). Efﬁcacy of suprachoroidal–transretinal stimulation in a rabbit model of
retinal degeneration. Investigative Ophthalmology & Visual Science, 51(4),
2263–2268.
Sakai, T., Kondo, M., Ueno, S., Koyasu, T., Komeima, K., & Terasaki, H. (2009).
Supernormal ERG oscillatory potentials in transgenic rabbit with rhodopsin
P347L mutation and retinal degeneration. Investigative Ophthalmology and
Visual Science, 50(9), 4402–4409.
Seeliger, M. W., Kretschmann, U. H., Apfelstedt-Sylla, E., & Zrenner, E. (1998).
Implicit time topography of multifocal electroretinograms. Investigative
Ophthalmology & Visual Science, 39(5), 718–723.
Seeliger, M. W., & Narfstrom, K. (2000). Functional assessment of the regional
distribution of disease in a cat model of hereditary retinal degeneration.
Investigative Ophthalmology & Visual Science, 41(7), 1998–2005.
Seeliger, M. W., Weber, B. H., Besch, D., Zrenner, E., Schrewe, H., & Mayser, H. (2003).
MfERG waveform characteristics in the RS1h mouse model featuring a
‘negative’ ERG. Documenta Ophthalmologica, 107(1), 37–44.
Shiroyama, N., & Miyake, Y. (1990). Analysis of focal macular ERG in idiopathic
central serous chorioretinopathy. Nippon Ganka Gakkai Zasshi, 94(11),
1048–1056.
Sugita, T., Kondo, M., Piao, C. H., Ito, Y., & Terasaki, H. (2008). Correlation between
macular volume and focal macular electroretinogram in patients with retinitis
pigmentosa. Investigative Ophthalmology & Visual Science, 49(8), 3551–3558.
Sutter, E. E., & Tran, D. (1992). The ﬁeld topography of ERG components in man – I.
The photopic luminance response. Vision Research, 32(3), 433–446.
Vajaranant, T. S., Seiple, W., Szlyk, J. P., & Fishman, G. A. (2002). Detection using the
multifocal electroretinogram of mosaic retinal dysfunction in carriers of X-
linked retinitis pigmentosa. Ophthalmology, 109(3), 560–568.
Wachtmeister, L. (1998). Oscillatory potentials in the retina: What do they reveal.
Progress in Retinal and Eye Research, 17(4), 485–521.
Wallenten, K. G., Andreasson, S., & Ghosh, F. (2008). Retinal function after
vitrectomy. Retina, 28(4), 558–563.
Weiland, J. D., Liu, W., & Humayun, M. S. (2005). Retinal prosthesis. Annual Review of
Biomedical Engineering, 7, 361–401.
Weleber, R. G., and Gregory-Evance, K., (2006). Retinitis pigmentosa and allied
disorders (4th ed.). Retina 1 (Mosby St. Louis. Basic Science and Inherited Retinal
Disease).
Yokoyama, D., Machida, S., Kondo, M., Terasaki, H., Nishimura, T., & Kurosaka, D.
(2010). Pharmacological dissection of multifocal electroretinograms of rabbits
with Pro347Leu rhodopsin mutation. Japanese Journal of Ophthalmology, 54(5),
458–466.
